ABSTRACT. Three ion exchange equilibrium isotherms between muscovite-paragonite solid solution and 2-molal KCI-NaC1 aqueous solutions have been studied at (1) 420 ~ 1 kbar, (2) 420 ~ 2 kbar, and (3) The corresponding binodal compositions are (muscovite mol fraction): 12-56 % at 420 ~ 1 bar and 15-51% at 550 ~ I bar. The compositions of micas in equilibrium with perthites (high structural state) at 400, 500, 600 ~ and 2 kbar are respectively: Xmu s = 91, 86, and 82%. The mixing properties of the solution were estimated using the speciation of two molal chloride solutions calculated from the dissociation constants of NaC1 and KC1 in aqueous solution. Although NaC1 appears to be substantially more dissociated than KCI, the resulting excess free energy of mixing of the hydrothermal (Na,K)CI solution was found less than 500 J at temperatures above 400 ~ and pressures up to 2 kbar.
IN a preceding work (Pascal and Roux, 1982) we reviewed the experimental data on equilibrium between hydrothermal (Na, K)CI solutions and sodi-potassic silicates. This enabled us to propose an estimate of the difference in Gibbs free energy of formation (from the elements at 25 ~ 1 bar) between KC1 and NaC1 in aqueous solution of molality > 0.5, between 400 and 800 ~ and 1 and 2 kbar. The set of experimental data studied was
Copyright the Mineraloffical Society found to be remarkably self-consistent. However, the need has emerged for more accurate data on the equilibrium between paragonite-muscovite solid solutions and hydrothermal (Na,K)C1 solutions.
In this paper we present three new isotherms at 420 ~ 1 and 2 kbar and 550 ~ 2 kbar. These new data, along with another isotherm obtained by Chatterjee and Flux (pers. comm.) at 7 kbar and 620 ~ cover large P, T ranges (limited by the stability of the mica solid solution) where the dissociation constant of NaC1 and KCI are known. We have therefore attempted to improve the thermodynamic treatment of these ion-exchange equilibria taking into account the dissociation of the salt, and estimating the effect on the macroscopic properties of the hydrothermal solutions.
Experimental procedure
A gel on the join muscovite-paragonite and a (Na,K)CI-H20 solution were sealed in a gold capsule. The solids crystallized and equilibrated with the solutions during the run in a conventional cold-seal pressure vessel. After the run the solutions and solids were recovered quantitatively, by freezing the gold capsule in liquid nitrogen (to prevent loss of solution), cutting it open, and flushing its content into a plastic vial. The solution was then diluted and analysed by flame photometry for K and Na. For the 550 ~ isotherm, the bulk composition of the mica was also determined by flame photometry, taking care of A1 interferences. When the solid was not analysed, its composition was calculated from that of the solution after the experiment, assuming that the total number of alkali elements in the hydrothermal solution did not vary during the experiment (e.g. due to the solubility of the mica in the hydrothermal solution), from the relations: N'.n' + X'.x' = N".n" + X".x" (1)
x' = x"
where X, N, are the mole fractions of the K end-member in the solid and solution respectively, x and n the number of moles of alkali in the solid and solution respectively. (') stands for starting material, (") for final products. Table I summarizes the experimental data (composition, and weights of starting and run products) for each isotherm. Because special care was taken to ensure an accurate recovery of the solution, it was possible to make a direct check of the validity of relation (2) which was found to be satisfied within analytical uncertainty for most of the runs. For those runs where the solid was analysed there was a good agreement between the analysed and calculated compositions of the solid.
The run durations were 3 weeks for the 550 ~ isotherm and 3 to 5 months for the 420 ~ isotherms. There was evidence that the equilibrium between the solid and the solution was achieved: (a) the runs using different starting materials (muscovite or paragonite gels) gave identical 420 K Na EXCHANGE EQUILIBRIA results, and (b) the scatter of the experimental poinls around the isotherm was very small and within analytical uncertainties ( fig. 1 ).
Interpretation
These data, along with one isotherm at 7 kbar and 620 ~ obtained by Chatterjee and Flux (pers. comm.) , were used to calculate the mixing parameters of the mica solid solution and the AG~ of the ion exchange reaction. At given P, T, and bulk chloride concentration in the fluid, the equilibrium condition can be written:
G~ ~ = molar excess free energy of mixing of the solid solution. G~ ~= excess free energy of mixing of the fluid solution, related to 1 mole of chloride. AGfo = free energy of formation of KC1 solution related to one mole of chloride.
All presently determined isotherms involving chloride solutions [alkali-feldspar-fluid, plagioclase-fluid (Orville, 1972) , Fe-Mg-biotite-fluid (Schulien, 1979) , olivine-fluid (Schulien et al., 1970) , etc.], have been interpreted assuming that the hydrothermal solution mixes ideally, i.e.
dG~,~/dN = O.
One may question the validity of this approximation. In none of the isotherms are the aqueous chlorides fully associated. According to Barnes and Ernst (1963) , the mixing of associated salts in aqueous solution may be considered as ideal, and their activity coefficients close to l. On the contrary, ionized salts activity coefficients are much smaller than 1: for example, Helgeson (1981) predicted that the dissociated fraction of NaC1 in a 1-molal aqueous solution is about 80% at 400 ~ and 1 kbar, and the resulting stoichiometric activity coefficient is about 0.3. In mixed NaC1-KC1 fluids, the common ion effect results in KC1 remaining widely associated while NaC1 is partly ionic (cf. speciation calculations in appendix). Consequently, the stoichiometric activity coefficients of KCI and NaC1 can be expected to be different, and the mixing of KC1 and NaC1 solutions may be nonideal.
Since K+/KC1 ~ and Na+pNaC1 ~ ratios are strongly dependent on bulk chloride molality, f f AG~c~-AGN~o is expected to change with concentration, and thus AG~. Such an effect has been investigated by Lagache and Weisbrod (1977) , who measured the composition of a KC1-NaCI fluid in -art~ o.
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-20. equilibrium with a perthite at 600 ~ and 2 kbar, and chloride molalities from 0.5 to 20 m. The KC1/NaC1 ratio was found to be constant: because the feldspar solid solution properties are independent of chloride concentration, the thermochemical properties of the fluid appeared to be independent of chloride dissociation in the conditions investigated by these authors (the chlorides are weakly ionized at low fluid densities). At higher densities (T < 450 ~ P > 2 kbar), ionization is greater, especially for NaC1, and the validity of the conclusions from one exchange isotherm on the mixing properties of both solid and hydrothermal solutions. However, it seems that the hydrothermal solution mixture is close to ideal, at any K/2qa ratio, even at those conditions where NaC1 is appreciably ionic. This conclusion is supported by the very small order of magnitude of G] ~ calculated from conductivity data ( fig. 2) . Further, for (Na,K)C1 solutions, the independence of fluid composition equilibrated with a perthite, both on pressure (Iiyama, 1970) and on concentration (Orville, 1972; Lagache and Weisbrod, 1977) indicates that the excess free energy of mixing for (Na,K)C1 solutions is not much changed even by large changes in ionization.
Mixing properties of the solids. The good quality of Z adjustments has been pointed out above; no systematic deviation can be observed even close to the end members of the solutions as is the case with alkali feldspar. The four isotherms give consistent values of the Wa of the mica with a small dependence on temperature which is considered a good test of the adequacy of the mixing model chosen for the mica.
The values of W~I and WG2 at 420 and 550 ~ were used to calculate the miscibility gap: the binodal values X1, X2 of X m ..... it~ at i bar, i kbar, and 2 kbar are given in Tables II and III . The uncertainties in X1 and X 2 were calculated from the uncertainties on the fitted values of W~ and W~2. However, the binodal compositions at pressures different from the experimental pressure cannot be relied upon, because the accuracy of Wv values was not considered, especially concerning polytypism problems. A more detailed discussion of the mixing properties of the mica solid solution will be published by Chatterjee and Flux. derived of the adjustments of Z function (thermochemical data for the micas from Helgeson et al., 1978) have been recast on the same plot used by Pascal and Roux, 1982 (fig. 3 ). The value of AG:(620 ~ 2 kbar) was obtained from the experimental data of Chatterjee and Flux at 7 kbar (pers. comm.). The pressure correction down to 2 kbar was estimated using the experimental determination of the KCI/(KCI + NaCI) ratio in aqueous solution equilibrated with a perthite at 600 ~ and pressures from 1 to 7 kbar (Iiyama, 1970) . For each equilibrium, AG,~ ~ P) was calculated (P from 1 to 7 kbar), assuming an ideal state for the fluid and using for the feldspars the mixing parameters derived from the two-phase data of Lagache and Weisbrod (1977) and Luth (1972) The pressure effect on AG: between 2 and 7 kbar at 620 ~ is believed to be satisfactorily approximated by that at 600 ~ .
The results obtained are in very good agreement in both absolute magnitude and temperature dependence with our previously proposed values. The values ofAG~ ~ at 2 kbar (Table III) 
Conclusions
Although Na salts are much more dissociated than K salts in mixed aqueous solutions, no significant deviation from ideal mixing of these solutions can be detected from the ion-exchange data. This is consistent with the evaluation of the free energy of mixing based upon the speciation determination.
The mica s.s. Wo and AG ~ adjusted from our isotherms, together with their counterpart for alkali feldspars, have been used to determine the muscovite mole fraction in the mica coexisting with two alkali feldspars (disordered): 0.91 at 400 ~ 0.86 at 500 ~ 0.82 at 600 ~ These results resolve the problem noticed by Gunter and Eugster (1980) who, in a similar calculation, found that the mica was a nearly pure paragonite at 500 and 600 ~ [using the composition of the fluid in equilibrium with a perthite (Lagache and Weisbrod, 1977) , various data on the compositions of fluids at equilibrium with micas, and the mica s.s. Margules parameters deduced from the solvus determination by Chatterjee and Froese, 1975] . The miscibility gap calculated from the W e parameters is smaller than that directly determined by Chatterjee and Froese (1975) . This result is consistent with the composition of natural coexisting muscovite (62~ muscovite) and paragonite (12% muscovite) observed in sillimanitic rocks from New Mexico, where the metamorphic conditions have been estimated to 4.5-5 kbar and 550 ~ (Grambling, 1984) . Quist and Marshall (1968a and b) , the hydration number of the KCI ~ (and NaCl ~ molecules is 2; this hydration number is increased of k (k' for NaCI) by the ionisation of I mole of KCI (NaCI). Quist and Marshall(op. cit.) proposed k = 9 and kL= 10 for our experimental conditions. Recently, Wood et al. (1984) with: GKC I = G~n x(1) and GNaCl = G~i n x(0). 
